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UV Irradiation Triggers Ubiquitin-Dependent
Degradation of p21WAF1 to Promote DNA Repair
exerts its effect either by inhibiting the loading of the
PCNA trimeric complex on DNA or the loading of poly-
merase  onto the preassembled clamp (Podust et al.,
Mourad Bendjennat,1 Je´roˆme Boulaire,1
Thomas Jascur,2 Howard Brickner,2
Valerie Barbier,2 Alain Sarasin,3
Arun Fotedar,2,* and Rati Fotedar1,* 1995). Besides DNA replication, nucleotide excision re-
pair (NER), the major pathway by which damage is re-1Institut de Biologie Structurale J.-P. Ebel
41 rue Jules Horowitz moved after UV irradiation, also requires PCNA. This
repair process involves recognition of the damage fol-F38027 Grenoble
France lowed by a dual incision that cuts the damaged DNA
strand on either side of the lesion and release of the2 Sidney Kimmel Cancer Center
10835 Altman Road oligonucleotide fragment containing the damaged site
(reviewed in Wood, 1996). The resulting gap of aboutSan Diego, California 92121
3 Institut Gustave Roussy 30 nucleotides is filled by DNA polymerases  and 
together with accessory proteins including PCNA (Nich-rue Camille Desmoulins
94805 Villejuif ols and Sancar, 1992; Shivji et al., 1992). p21 has been
shown to reduce repair in vivo (Cooper et al., 1999) orFrance
to have modest effect (Adimoolam et al., 2001; Smith et
al., 2000). In vitro DNA repair assays similarly show either
inhibition of DNA repair (Pan et al., 1995; Shivji et al.,Summary
1998) or no effect of p21 on DNA repair (Li et al., 1994;
Shivji et al., 1994). Evidently, the effect of p21 on DNAp53-mediated increase in cyclin-dependent kinase in-
hibitor p21WAF1 protein is thought to be the major medi- repair remains unresolved.
Proteasome inhibition results in accumulation of p21ator of cell cycle arrest after DNA damage. Previously
p21 protein levels have been reported to increase or protein and in an increase in the half-life of p21 (Bla-
gosklonny et al., 1996; Cayrol et al., 1998; Maki andto decrease after UV irradiation. We show that p21
protein is degraded after irradiation of a variety of cell Howley, 1997; Rousseau et al., 1999; Sheaff et al., 2000).
Interestingly, we now find that low but not high dosestypes with low but not high doses of UV. Cell cycle
arrest occurs despite p21 degradation via Tyr15 inhibi- of UV irradiation lead to rapid loss of p21 protein due
to a decrease in half-life of p21. In this study, we havetory phosphorylation of cdk2 and differs from the clas-
sical p21-dependent checkpoint elicited by ionizing focused on the regulation of p21 degradation induced
by low doses of UV and its functional consequences onradiation. In contrast to the basal turnover of p21,
degradation of p21 switches to ubiquitin/Skp2-depen- the checkpoint response.
dent proteasome pathway following UV irradiation.
ATR activation after UV irradiation is essential for sig- Results
naling p21 degradation. Finally, UV-induced p21 deg-
radation is essential for optimal DNA repair. These Degradation of Endogenous p21 Protein
results provide novel insight into regulation of p21 at Low UV Doses
protein and its role in the cellular response to DNA During the course of our studies on DNA damage in-
damage. duced changes in p21, we surprisingly found that low
but not high doses of UV irradiation led to a sharp decline
Introduction in endogenous p21 protein in IMR90 (human lung fibro-
blast), U2OS (human osteosarcoma) and REF-52 (rat
The cyclin-dependent kinase inhibitor p21WAF1 plays a embryonic fibroblast) (Figure 1A). Previously, p21 has
critical role in the cellular response to DNA damage been shown to increase in human (IMR90, WI38,
(reviewed in Boulaire et al., 2000). Overexpression of GM6419, AG1523) and mouse (3T3) fibroblasts after UV
p21WAF1 (hereafter referred to as p21) results in cell cycle irradiation (Freedman and Levine, 1999; Geyer et al.,
arrest (Harper et al., 1995). Upregulation of both p21 2000; Li et al., 1996; Lu et al., 1996; Pagano et al., 1994;
mRNA and protein level following ionizing radiation is Poon et al., 1996). However, other studies have shown
dependent on p53 (Di Leonardo et al., 1994; el-Deiry et that p21 decreases after UV irradiation, albeit in human
al., 1994; Macleod et al., 1995) and p21 mediates cell tumor cells (Allan and Fried, 1999; Butz et al., 1998; Maki
cycle arrest in response to the p53 checkpoint pathway and Howley, 1997; Rieber and Strasberg Rieber, 2000;
(Brugarolas et al., 1995; Deng et al., 1995). Schoenfeld et al., 2000; Wang et al., 1999). Our results
p21 was initially identified as a component of a quater- resolve the apparent discrepancy. By irradiating cells
nary complex containing cdk-cyclin kinases and PCNA, with different doses of UV under identical conditions
an accessory protein of DNA polymerase  (Zhang et we find that low (40 J/m2) but not high doses of UV
al., 1993). p21 was subsequently shown to prevent DNA irradiation lead to p21 protein degradation in human and
replication in vitro by inhibiting PCNA (Shivji et al., 1994; rat fibroblasts, cell types that were used in the above
Waga et al., 1994). In vitro studies have shown that p21 referenced studies. The loss of p21 protein after low
but not high UV doses may have escaped notice since
previous studies did not report p21 protein levels after*Correspondence: fotedar@ibs.fr (R.F.); afotedar@skcc.org (A.F.).
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Figure 1. Low Doses of UV Irradiation Induce Degradation of p21 Protein
(A) p21 protein levels after irradiation of cells with a range of UV dose. p21 protein degradation was examined at 6 hr after irradiation. Western
blot with anti-actin antibody is shown as loading control.
(B) p21 protein decreases after low dose UV irradiation of several cell types. Cells were examined for p21 protein degradation 6 hr after UV
irradiation and at 24 hr (1 day) after treatment with adriamycin (0.1 g/ml). Note that we have verified that 6 hr postirradiation with 2.5–30 J/m2
of UV none of the cell types underwent significant apoptosis.
(C) p21 protein increases after  irradiation. U2OS cell extracts were examined for p21 protein at 24 hr after treatment with different doses
(Gray) of  irradiation.
(D) Effect of UV on p21 and control cdk1 mRNA levels after irradiation of U2OS cells (20 J/m2). RNase protection assays were performed
following the supplier’s instructions (Pharmingen).
(E) Degradation of p21 after UV is dominant over other forms of DNA damage. REF-52 cells were treated with adriamycin (0.1 g/ml), VP-16
(2.5 g/ml), or cisplatin (10 M) for 24 hr and then UV irradiated (20 J/m2).
a range of UV dose under the same experimental condi- inhibitor, induces single- and double-strand breaks). UV
irradiation of cells previously exposed to these typestions. It should be noted that the actual dose of UV
delivered depends on the amount of medium/dish. of DNA damage results in rapid degradation of p21 (Fig-
ure 1E).To extend our observations, we examined the effect
of low UV doses on p21 protein levels in WI38 (human
lung fibroblast), NIH3T3 (contact inhibited murine fibro- UV-Induced Degradation of p21 Requires ATR
To investigate the cellular mechanisms mediating p21blast), mouse embryonic fibroblasts (MEF), HCT116
(diploid human colon carcinoma), HeLa S3 (human cervi- protein degradation after UV irradiation, the effect of
various kinase inhibitors was tested (Figure 2A). Thecal carcinoma), 293 (E1A transformed human embryonic
kidney epithelial cells), and Saos-2 (human osteosar- inhibitors include U0126 (inhibitor of MAP kinase kinase
[MEK]), caffeine (blocks activation of Chk1/Chk2 by pre-coma) (Figure 1B). The decrease in p21 protein was
observed after UV irradiation of all cell types tested. venting activation of ATM/ATR) (Sarkaria et al., 1999),
lithium chloride (inhibitor of glycogen synthase kinase-3As expected, treatment of cells with adriamycin or 
irradiation results in increase of p21 protein (Figures 1B [GSK]) (Stambolic et al., 1996) and roscovitine, an inhibi-
tor of cdk2/cdc2 cyclin-dependent kinases. Pretreat-and 1C). The decrease in p21 protein level is irrespective
of p53, as it decreases both in cells that have functional ment of cells with caffeine prior to UV irradiation inhibits
p21 degradation in a dose-dependent manner, whilep53 (U2OS, HCT116, REF-52, NIH3T3, IMR90, WI38,
MEFs) as well as in cells that have defective p53 (HeLa pretreatment of cells with the other inhibitors did not
influence UV mediated p21 degradation (Figure 2A). ThisS3, 293, Saos-2). Notably, the degradation of p21 protein
is not due to decrease in p53 protein level (Figure 6B). effect of caffeine was seen in all cell types tested includ-
ing MEFs (Figure 2A).In fact, p21 transcription increases after UV irradiation
of U2OS cells (Figure 1D). To confirm that inhibition of ATR leads to a failure to
degrade p21 after UV irradiation, we used cells in whichIt is of importance that p21 degradation after UV irradi-
ation is dominant over other forms of DNA damage such deletion of ATR is mediated by Cre recombinase (Cortez
et al., 2001). In ATRflox/ cells, one allele of ATR is dis-as adriamycin (intercalates with DNA), cisplatin (causes
interstrand DNA crosslinks), or VP-16 (topoisomerase II rupted by neomycin resistance gene and the other allele
UV-Induced p21WAF1 Protein Degradation
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Figure 2. UV-Induced p21 Degradation Is ATR Dependent
(A) Caffeine inhibits UV-induced p21 degradation. Cells were pretreated with UO162 (Promega), Roscovitine, LiCl2, or caffeine for 1 hr and
then either UV irradiated (20 J/m2) () or left untreated (). Cell extracts prepared 6 hr after UV irradiation were analyzed.
(B) ATR is required for p21 degradation after UV irradiation. HCT116 ATR/ and ATRflox/ cells were infected with adenovirus encoding Cre
recombinase (Cre) as described (Cortez et al., 2001). After 4 days of infection, the cells were either left untreated or UV irradiated and extracts
analyzed for p21. ATR protein levels 4 days postinfection are shown (left image).
(C) Caffeine is as effective as LLnL in preventing UV induced degradation of p21 protein. U2OS cells were treated with 50 M LLnL, 5 mM
caffeine, or with DMSO as control for 1 hr prior to exposure to 20 J/m2 of UV.
(D) Caffeine prevents UV induced decrease in p21 half-life. U2OS cells were treated with 5 mM caffeine (caff) or with DMSO as control for 1
hr prior to exposure to 20 J/m2 of UV. Extracts prepared at different time after addition of cycloheximide (CHX) at 0 time were analyzed.
(E) Quantification of the intensity of p21 bands obtained from (D) by densitometry. The signal at 0 time was set to 100% and used as a
standard for subsequent time points.
has flox sites flanking exon 2. Infection with adenovirus tor in which all six lysines in p21 were mutated to arginine
(referred to as p21K6R mutant). We first verified thatencoding Cre deletes exon 2 and abolishes ATR protein
synthesis (Figure 2B, left image). The amount of ATR p21K6R mutant lacked the ability to become ubiquiti-
nated (Figure 3A). Exogenously expressed wild-type p21protein expressed by ATRflox/ cells is less than wild-
type cells as reported earlier (Cortez et al., 2001). p21 (p21wt) had a half-life similar to p21K6R mutant (Figure
3B) suggesting that proteasome-dependent degrada-degradation does not occur after UV irradiation of ATRflox/
cells infected with adenovirus encoding Cre (Figure 2B, tion of basal p21 protein is predominantly ubiquitin inde-
pendent as previously shown (Sheaff et al., 2000). Fur-right image). We therefore conclude that activation of
ATR pathway after UV irradiation is essential for signal- ther, both p21wt and p21K6R mutant were similarly
stabilized by proteasome inhibitors, LLnL and MG-132ing p21 degradation.
p21 protein levels are known to be regulated by the (data not shown).
We next analyzed the effect of UV on p21K6R mutant.proteasome pathway. Treatment of U2OS cells with pro-
teasome inhibitor LLnL (Figure 2C) or MG-132 (data not U2OS cells transfected with either HA-p21wt or HA-
p21K6R mutant were UV irradiated. Under the condi-shown) prevented the decrease in p21 protein level after
UV irradiation. Notably, p21 protein exhibits a much tions used here, exogenously expressed p21wt is de-
graded after UV irradiation, as is the endogenous p21shorter half-life after UV irradiation as compared to p21
from mock-treated cells (Figures 2D and 2E). Pretreat- (Figure 3C). Remarkably, p21K6R mutant is not de-
graded after UV irradiation, thereby demonstrating thatment of cells with caffeine prevented the UV induced
decrease in p21 protein and p21 half-life maintaining ubiquitination is required for degradation of p21 protein
after UV irradiation. This result is consistent with theboth at the level seen in nonirradiated cells (Figures 2D
and 2E). increase of p21 ubiquitination after UV irradiation seen
in Figure 3A.
Attachment of ubiquitin to the substrate is mediatedUV-Induced Degradation of p21 Is Dependent
by a conserved pathway consisting of three compo-on Ubiquitination
nents: a ubiquitin-activating enzyme (E1), a ubiquitin-In order to directly test the role of ubiquitination at lysine
conjugating enzyme (E2), and a ubiquitin protein ligaseresidues in proteasome dependent degradation of p21
after UV irradiation, we generated a p21 expression vec- (E3) (Hershko and Ciechanover, 1998). ts20TGR cells
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Figure 3. UV-Induced p21 Degradation Is Ubiquitin Dependent
(A) Verification of ubiquitination by coexpression of p21 and ubiquitin. U2OS cells were cotransfected with 2 g of either HA-p21wt or HA-
p21K6R mutant and 2 g of a plasmid encoding His-ubiquitin. After 36 hr, LLnL was added and the cells were either UV irradiated or left
untreated for 6 hr prior to preparing the cell extract under denaturing conditions as described previously (Rousseau et al., 1999). His-ubiquitin
tagged HA-p21 conjugates purified from denatured extracts by nickel columns were analyzed by Western blotting with anti-HA antibody. HA-
reactive high molecular weight bands represent ubiquitinated forms of p21 (Ub HA-p21). Extracts from transfected cells without purification
on nickel column are shown as control to mark the position of p21wt and p21K6R mutant (HA-p21). p21K6R is not ubiquitinated whereas the
ubiquitination of p21wt increases after UV irradiation.
(B) Wild-type p21 and p21K6R mutant proteins have similar half-lives. U2OS cells transfected with 2 g of either HA-p21K6R mutant or HA-
p21wt were treated with cycloheximide and extracts prepared at different time intervals were analyzed by Western blotting with HA specific
antibody.
(C) p21K6R mutant is not degraded after UV irradiation. U2OS cells were transfected with 2 g of either HA-p21K6R mutant or HA-p21wt.
The cells were UV irradiated (20 J/m2) 36 hr posttransfection. Extracts were analyzed by Western blotting with p21 specific antibody to allow
detection of both endogenous and exogenously expressed p21.
(D) Half-life of p21 is unchanged upon inactivation of E1 enzyme. ts20TGR cells express wild-type E1 at 35C and shifting the cells to the
restrictive temperature (39C) inactivates E1 and hence ubiquitination. Extracts prepared at different time after addition of cycloheximide
(CHX) at 0 time were analyzed by Western blotting with anti-p21 antibody.
(E) UV induced degradation of p21 protein is prevented by inactivation of E1 enzyme. Extracts were made at different intervals after UV
irradiation (20 J/m2) of ts20TGR at 35C or 39C.
(F) UV induced degradation of p21 protein requires polyubiquitination. U2OS cells cotransfected with 2 g HA-p21wt and 8 g of either control
vector, or His6Myc tagged wild-type ubiquitin (Ubi-HM) or His6Myc tagged K48R mutant ubiquitin (UbiK48R-HM) vector were UV irradiated
(20 J/m2) 36 hr posttransfection.
(Chowdary et al., 1994) grown at 35C express wild-type HA-p21wt and either control vector, or wild-type ubiqui-
tin or K48R ubiquitin mutant were UV irradiated andE1 whereas the restrictive temperature (39C) inacti-
vates E1 and ubiquitination. The half-lives of p21 in extracts analyzed for the presence of exogenous HA-
p21 (Figure 3F). As expected, exogenously expressedts20TGR cells that were maintained at 35C (active E1)
and 39C (inactive E1) were similar (Figure 3D). UV-induced HA-p21wt is degraded after UV irradiation and more
rapidly in the presence of exogenous ubiquitin. In con-degradation of endogenous p21 was observed in
ts20TGR cells maintained at 35C (active E1) whereas trast, coexpression of K48R ubiquitin mutant inhibited
degradation of HA-p21wt after UV irradiation therebyUV-induced p21 degradation was abrogated when the
E1 enzyme was inactivated at 39C (Figure 3E). We there- confirming that polyubiquitination is required for UV-
induced p21 degradation.fore conclude that while the basal level of p21 is regu-
lated predominantly by a ubiquitin-independent path-
way, the degradation of p21 after UV irradiation switches UV-Induced Degradation of p21 Is Dependent
on F Box Protein Skp2to ubiquitin-dependent pathway.
During polyubiquitination, the carboxyl group of the To confirm that UV irradiation enhances ubiquitination
of p21, extracts prepared at different intervals after irra-terminal glycine in the incoming ubiquitin forms an iso-
peptide bond with the -amino group of lysine 48 (K48) diation from cells in the presence of LLnL were immuno-
precipitated with anti-ubiquitin antibody and immu-in the ubiquitin attached to the substrate. Expression of
ubiquitin with lysine 48 mutated to arginine (K48R) has noblotted with anti-p21 antibody. High molecular weight
bands representing ubiquitinated forms of endogenousa dominant-negative effect (Chau et al., 1989) and termi-
nates polyubiquitination. U2OS cells cotransfected with p21 are only seen after UV irradiation (Figure 4A). Fur-
UV-Induced p21WAF1 Protein Degradation
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Figure 4. UV Induced Degradation of p21
Protein Is Dependent on F Box Protein Skp2
(A) UV irradiation specifically enhances ubi-
quitination of p21 protein. U2OS cells were
pretreated with LLnL for 1 hr in the presence
or absence of caffeine and UV irradiated (10
J/m2) or left untreated (only LLnL treated). Cell
extracts were prepared 0, 1.5, and 3 hr after
UV treatment. U2OS cells treated with adria-
mycin (0.1 g/ml) were incubated with LLnL
for 3 hr prior to making extracts at 0, 12, and
24 hr after adriamycin treatment. All extracts
were immunoprecipitated with anti-ubiquitin
antibody (Ubi IP) and immunoblotted with
anti-p21 antibody. HRP conjugated anti-
mouse light chain specific secondary anti-
body was used for Western blot. High molec-
ular weight bands represent ubiquitinated
forms of endogenous p21.
(B) Increased association of endogenous
Skp2 and p21 after UV irradiation. In the left
image, U2OS cells were treated with 50 M
LLnL or 5 mM caffeine for 1 hr prior to UV
irradiation (10 J/m2). Cell lysates prepared at
different times were immunoprecipitated with
p21 antibody and immunoblotted with Skp2
and p21 specific antibodies. In the right im-
age, in vitro interaction of immunopurified
Skp2 and p21 proteins from mock and 10 J/m2
UV-irradiated U2OS cells is shown (see Ex-
perimental Procedures for details). Immuno-
purified Skp2 and p21 interact only when pre-
pared from UV-irradiated cell extracts.
(C) Half-life of endogenous p21 is unaffected
in Skp2/ MEFs. Extracts were prepared
from wild-type and Skp2/ MEFs at 0, 1.5,
3, and 6 hr after addition of cycloheximide
(CHX) at 0 time.
(D) UV induced p21 degradation is prevented
in Skp2/ MEFs. Extracts were prepared
after irradiation of cells with 30 J/m2.
thermore, pretreatment with caffeine abrogates this UV result is consistent with our finding that the half-lives of
p21 in ts20TGR cells at 35C and 39C are similar. Wedependent p21 ubiquitination (Figure 4A). Treatment
with adriamycin in the presence of LLnL does not in- next determined whether disruption of the Skp2 gene
would abrogate UV-induced p21 degradation. UV-inducedcrease ubiquitination to the extent observed after UV
irradiation (Figure 4A). These results show that UV spe- degradation of p21 protein was observed in wild-type
MEFs. Most interestingly, UV-induced p21 degradationcifically targets p21 degradation via ubiquitination and
suggests that activation of ATR pathway by UV switches does not occur in Skp2/ MEFs (Figure 4D). These re-
sults thus confirm that p21 degradation after UV irradia-p21 degradation to ubiquitin-dependent proteasome
pathway. tion is dependent on Skp2 whereas the basal p21 level
is regulated predominantly in a ubiquitin and Skp2-inde-One major class of E3, the SCF complex formed by
Skp1, cullin, F box protein, and Rbx/Roc1 is responsible pendent manner.
for ubiquitination of a number of proteins including sev-
eral proteins of the cell cycle. We tested whether F box UV-Induced Cell Cycle Arrest
Is Independent of p21protein Skp2 associates with p21 after low dose of UV
irradiation. Endogenous p21 was immunoprecipitated We find that ongoing DNA synthesis in all cell types
shown in Figure 1 is inhibited after UV irradiation (10from extracts prepared at different time after UV irradia-
tion of cells in the presence of LLnL and the immunopre- J/m2) and that the inhibition is maintained up to 24 hr
(data not shown). Inhibition of ongoing DNA synthesiscipitates were analyzed for the presence of associated
Skp2. Skp2 was found to associate with p21 only after in asynchronous U2OS cells (Figure 5A) and G1 arrest
in synchronized U2OS (Figure 5B) after UV irradiationUV irradiation (Figure 4B, left image). Consistent with
these results, immunopurified Skp2 and p21 form a com- are shown. Cdk2-associated kinase activity was abro-
gated by 6 hr after UV irradiation of U2OS cells (Figureplex when isolated from cells irradiated with low dose
of UV but not when isolated from unirradiated cells (Fig- 5C, left image). Notably, the inhibition of cdk2-associ-
ated kinase activity is independent of p21 since p21ure 4B, right image).
The half-life of endogenous p21 protein is unaffected associated with cdk2 and cyclin E complexes is also
degraded after UV irradiation (Figure 5C, right image).by disruption of the Skp2 gene in MEFs (Figure 4C). This
Cell
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Figure 5. Effect of UV Induced Degradation of p21 Protein on Cell Cycle Arrest and cdk2 Associated Kinase Activity
(A) Inhibition of DNA synthesis after UV irradiation. The percent of BrdU positive U2OS cells was estimated at 6, 12, and 24 hr after UV
irradiation (10 J/m2) or 16 hr after 2 mM hydroxyurea treatment (HU) as described (Rousseau et al., 1999).
(B) Cell cycle arrest in G1 after UV irradiation. U2OS cells arrested in mitosis by treatment with nocodazole (0.1 g/ml) for 12 hr were collected
by shake-off, released for 8 hr and then UV irradiated (10 J/m2). Cell cycle profile of nocodazole arrested cells (Noc) and of cells at different
time with and without UV irradiation after 8 hr release from nocodazole is shown.
(C) Cdk2-associated kinase activity is inhibited after UV irradiation. Cdk2 associated kinase activity was measured at 6 hr after UV irradiation
of asynchronous U2OS cells using histone H1 as a substrate as described previously (Fotedar et al., 1996)(left image). Cdk2 and cyclin E
associated p21 is also degraded after UV irradiation (right image). Cdk2 or cyclin E were immunoprecipitated at 0, 1, 3, and 6 hr after UV
irradiation and analyzed for the presence of associated p21. Control IP was performed with normal rabbit antibody.
(D) Enhanced Tyr15 phosphorylation of cdk2 is maintained up to 24 hr after UV irradiation (10 J/m2) of U2OS cells.
(E) Enhanced Tyr15 phosphorylation of cdk2 after UV irradiation (30 J/m2) of MEFs.
(F) Inhibition of DNA synthesis after UV irradiation occurs independently of p21 unlike after  irradiation. The percent of BrdU positive cells
in p21/ and p21/ MEFs was estimated 24 hr after UV irradiation (30 J/m2) and after  irradiation (30 Gy).
These data indicate that the inhibition of cdk2-associ- antibody, we observed enhanced Tyr15 phosphorylation
from 1.5 hr after UV irradiation that persists up to 24 hr,ated kinase activity and inhibition of DNA synthesis in
response to UV irradiation occurs despite p21 protein thereby suggesting that inhibition of DNA synthesis after
UV irradiation is regulated in part by Tyr15 phosphoryla-degradation. It is unlikely that p21 contributes to cell
cycle arrest after low doses of UV irradiation since p21 tion of cdk2 (Figures 5D and 5E). From these results,
we conclude that inhibition of DNA synthesis and G1protein remains undetectable even after 24 hr of postir-
radiation (Figures 5D and 5E). Using phospho-cdk Tyr15 arrest after UV irradiation are independent of p21.
UV-Induced p21WAF1 Protein Degradation
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We next tested whether UV irradiation inhibits DNA
synthesis in p21/ MEFs. Interestingly, UV-induced in-
hibition of DNA synthesis is p21 independent and is
observed in both wild-type and p21/ MEFs (Figure 5F)
whereas, under identical conditions, inhibition of DNA
synthesis after  irradiation requires p21 as reported
(Brugarolas et al., 1995; Deng et al., 1995). Consistent
with this, we observe enhanced Tyr15 phosphorylation
after UV irradiation of wild-type and p21/ MEFs which
persists up to 24 hr (Figure 5E). The cell cycle checkpoint
response to UV irradiation thus occurs regardless of p21
degradation.
Failure to Degrade p21 after UV Irradiation
Compromises DNA Repair
The degradation of p21 protein after low doses of UV
irradiation in a variety of cells suggests a potential role of
this event in the overall cellular response to UV-induced
DNA damage. PCNA is known to be associated with
chromatin (Triton nonextractable) after UV irradiation
presumably due to its involvement in DNA damage repair
(Aboussekhra and Wood, 1995; Celis and Madsen, 1986;
Toschi and Bravo, 1988). Figure 6A shows that following
UV irradiation of REF-52 cells, Triton nonextractable
PCNA accumulates in the nucleus with a kinetics similar
to that reported previously (Toschi and Bravo, 1988).
Strikingly, pretreatment of cells with caffeine prevented
the accumulation of Triton nonextractable PCNA after
UV irradiation (Figure 6A). The accumulation of Triton
nonextractable PCNA was also detected by immu-
noblotting extracts from UV-irradiated cells (Figure 6B).
Following UV irradiation, the disappearance of p21 from
cell extracts corelated with the time-dependent increase
in chromatin bound PCNA (Figures 6B and 6C). It should
be pointed out that p21 is not observed in Triton insolu-
ble fraction after low doses of UV irradiation in the three
cell lines.
We next tested whether failure to degrade p21 may
prevent DNA repair after UV irradiation. In order to di-
rectly test this, we used p21K6R mutant, which is not
degraded after UV irradiation, as it cannot be ubiquiti-
nated. REF-52 cells were transfected with control vec-
tor, p21wt, or p21K6R mutant. All cells were cotrans-
fected with puro-BABE to allow selection of transfected
Figure 6. UV Irradiation Induced Nuclear Accumulation of Tritoncells. We verified that UV irradiation of cells results in
Nonextractable PCNA Corelates with the Disappearance of p21
degradation of p21wt but not p21K6R (Figure 7B). UV
(A) UV irradiation induced nuclear accumulation of Triton nonex-
irradiation results in degradation of endogenous p21 in tractable PCNA is inhibited by caffeine treatment. REF-52 cells
all cases. growing on coverslips were UV irradiated (10 J/m2). Cells were
DNA repair synthesis in UV-irradiated cells was mea- treated with 5 mM caffeine for 1 hr prior to exposure to UV when
indicated. Cells were treated with Triton X-100 as described in Ex-sured using unscheduled DNA synthesis (UDS) assay
perimental Procedures prior to fixation and staining with anti-PCNA(Cleaver and Thomas, 1981) that allows estimation of
antibody. The percent of nuclear PCNA positive cells was scored.repair in situ in cellular genomic DNA. The number of
(B) Detection of Triton nonextractable PCNA by immunoblotting
UDS grains per nucleus is indicative of number of sites after UV irradiation. Cells were UV irradiated (10 J/m2) and extracts
of DNA repair synthesis. When cells transfected with were fractionated into Triton nonextractable and extractable. Note
p21wt or p21K6R mutant and selected with puromycin that the Triton nonextractable anti-PCNA Western blots were ex-
posed for a longer time than Triton extractable anti-PCNA Westernwere compared for their ability to repair DNA after UV
blots. Rest of the companion blots were exposed for a similar time.irradiation, there was a dramatic difference in the num-
(C) Quantification of the intensity of Triton nonextractable PCNAber of UDS grains/nucleus (Figures 7A and 7C, Supple-
and p21 bands obtained from (B) by densitometry. The signal at 0
mental Figure S1 available at http://www.cell.com/cgi/ time was set to 100% for p21 and 0% for PCNA and used as a
content/full/114/5/599/DC1). Most cells transfected with standard for subsequent time points. The disappearance of p21
p21wt had numerous UDS nuclear grains like control- from cell extracts corelates with the time dependent increase in
Triton nonextractable PCNA.irradiated cells (Figures 7A and 7C) with a peak around
6–9 hr postirradiation (Figure 7C). Notably, the inhibition
Cell
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Figure 7. Failure to Degrade p21 Inhibits DNA Repair after UV Irradiation
(A) Persistence of p21 after UV irradiation decreases accumulation of Triton nonextractable PCNA and impairs DNA repair. Transfected-
selected cells were UV irradiated or left untreated and stained with anti-HA antibodies and PI (anti-HAPI: columns 1 and 2). Note that almost
95% of the transfected cells express the HA-tagged proteins after selection. UV-induced degradation of p21wt but not p21K6R after UV
irradiation can also be visualized by immunofluorescence. Transfected-selected cells were UV irradiated or left untreated and subjected to
Triton X-100 extraction prior to fixation and staining with anti-PCNA antibody and PI (anti-PCNA  PI: columns 3 and 4). Note that these cells
were not treated with HU prior to UV irradiation. PCNA becomes resistant to extraction and accumulated in the nucleus after UV irradiation
of control and p21wt cells but not in p21K6R cells. Transfected-selected cells blocked with hydroxyurea and UV irradiated or left untreated
UV-Induced p21WAF1 Protein Degradation
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of DNA repair by p21K6R mutant was observed from we find that while p21wt protein is degraded after UV
irradiation, a p21 mutant in which all the lysines areearly time after irradiation (Figure 7C) and was depen-
mutated (p21K6R) is not degraded after UV irradiation.dent on plasmid concentration (Supplemental Figure S2
Unlike the p21wt, p21K6R mutant cannot be ubiquiti-available at Cell website). Furthermore, control-trans-
nated and has a half-life similar to p21wt protein, infected cells treated with caffeine show reduced DNA
accordance with a previous report (Sheaff et al., 2000).repair (Supplemental Figure S2 available at Cell web-
Second, endogenous p21 protein is not degraded aftersite). The results of the nuclear accumulation of Triton
UV irradiation in ts20TGR cells when E1 enzyme is inacti-nonextractable PCNA after UV irradiation are in accord
vated. In contrast, the basal turnover of p21 is unaf-with the UDS assay.
fected upon E1 inactivation. Third, we find that ubiquiti-p21 is known to bind PCNA (Waga et al., 1994). Here,
nation of endogenous p21 occurs specifically after UVwe find that the nuclear accumulation of Triton nonex-
irradiation. Consistent with this result we also observedtractable PCNA after UV irradiation was prevented if p21
a substantial increase in ubiquitination of exogenouswas not degraded. We therefore tested whether p21
p21 after UV irradiation. Finally, while the basal turnoverwould bind PCNA after UV irradiation by using p21K6R
of p21 was independent of F box protein Skp2, endoge-mutant. In the absence of UV, both p21wt and p21K6R
nous p21 degradation after UV irradiation was Skp2 de-mutant bind a small amount of PCNA (Figure 7D). After
pendent. Indeed p21 associates with Skp2 only after UVlow doses of UV irradiation, while p21wt is degraded,
irradiation both in vivo and in vitro. Thus, this studyp21K6R is not degraded and it shows increased binding
demonstrates that the mode of protein degradation byto PCNA (Figure 7D). Likewise, if cells are irradiated with
the proteasome can switch from ubiquitin-independenthigh dose of UV, p21wt is not degraded and it also
to ubiquitin-dependent proteasome pathway followingshows increased binding to PCNA (Figure 7D). The se-
UV irradiation.questration of PCNA by the nondegradable p21 upon
The p21 degradation after UV irradiation is not cellUV irradiation explains why chromatin association of
cycle specific and occurs in cells irradiated in G0 andPCNA and repair is reduced in p21K6R-transfected
in G1 phase (data not shown). However, p21 degradationcells.
is delayed by a few hours in UV irradiated G0 cells asTaken together, these results show that the persis-
Skp2 is undetectable as shown previously (Wirbelauertence of p21 after UV irradiation is detrimental to DNA
et al., 2000). These results explain why Li et al. (1996)repair and that the destabilization of p21 protein after
observed colocalization of p21 and PCNA 4 hr after UVUV irradiation is crucial to the overall cellular response
irradiation of G0 cells. However, Skp2 does accumulate
to UV-induced DNA damage.
with time after UV irradiation and p21 degradation fol-
lows. Cells in G1 appear to have sufficient Skp2 to de-
Discussion grade p21 after UV irradiation without any delay in kinet-
ics compared to asynchronous cells.
In the present study, we show that low but not high High doses of UV irradiation do not lead to p21 degra-
doses of UV leads to p21 degradation. Our results recon- dation. The biochemical basis of this regulation remains
cile the apparent contradictions in the literature regard- to be clarified although posttranslational regulation of
ing the increase or decrease of p21 protein levels after p21 can be a potential mechanism. We find that cells
UV irradiation. The UV-induced degradation of p21 pro- die very fast after high dose of UV irradiation (data not
tein that we observe at low doses in a variety of cell shown). Conceivably at high UV dose, the DNA damage
types is independent of cell transformation and is not is overwhelming. It is therefore futile to attempt repair
determined by the p53 or Rb status of the cell lines. (by degrading p21) and risk having surviving cells with
Notably, although p21 transcription increases after irra- damaged DNA. It is possible that caspase activation
diation of cells containing p53 with low doses of UV, after high dose of UV irradiation targets the kinase(s)
p21 protein is still degraded. The decrease in p21 protein downstream of ATR that regulates posttranslational
after UV irradiation was confirmed with four different modification of p21.
p21 antibodies. UV irradiation inhibits cdk2-associated kinase activity
Remarkably, we find that this degradation is ubiquitin (Mailand et al., 2000; Poon et al., 1996) and DNA synthe-
dependent in contrast to the turnover of basal p21 pro- sis (Lu and Lane, 1993). It is thought that p53-mediated
increase in p21 protein is the major mediator of celltein that is predominantly ubiquitin independent. First,
were processed for DNA repair (UDS: columns 5 and 6). Autoradiographs of representative control, p21wt and p21K6R nuclei are shown.
(B) Degradation of p21wt but not p21K6R mutant in selected cells after UV irradiation. REF-52 cells were transfected with 1 g of puro-BABE
vector and 2 g of either HA, HA-p21wt, or HA-p21K6R mutant. Transfected cells were selected with 2.5 g/ml puromycin for 5 days and UV
irradiated (10 J/m2) or left untreated. Cell extracts were analyzed by Western blotting with p21 specific antibody to detect both exogenous
and endogenous p21.
(C) Persistence of p21 after UV irradiation inhibits DNA repair. DNA repair synthesis after UV irradiation was measured in situ using unscheduled
DNA synthesis assay as described in Experimental Procedures. Transfected-selected cells grown on coverslips were first arrested for replicative
DNA synthesis using 2 mM hydroxyurea for 16 hr and then irradiated with 10 J/m2 of UV. Hydroxyurea was present for the whole time of the
experiment. Cells transfected with p21wt or control vector show a comparable percent of cells undergoing DNA repair in contrast to cells
transfected with p21K6R mutant.
(D) Increased association of PCNA with p21K6R mutant after UV irradiation. Cells transfected with 2 g of control vector, or HA-wild-type
p21 or HA-p21K6R mutant were either UV irradiated (10, 40 or 60 J/m2) or left untreated. p21 was immunoprecipitated with anti-HA specific
antibody and the amount of associated PCNA was analyzed.
Cell
608
cycle arrest after DNA damage. Strikingly, although we
find that BrdU incorporation is inhibited in all the cell
types tested in this work, both the free p21 as well as
the p21 associated with cdk2 is degraded shortly after
UV irradiation. The inhibition of cdk2-associated kinase
activity after UV irradiation is therefore independent of
p21. We show that Tyr15 phosphorylation of cdk2 is in-
creased after UV irradiation and persists up to 24 hr
thus explaining how the checkpoint is maintained de-
spite p21 protein degradation. Consistent with our result
that p21 protein is degraded after UV irradiation in wild-
type MEFs, we demonstrate that UV irradiation inhibits
DNA synthesis in p21/ MEFs. In contrast, the inhibition
of DNA synthesis after  irradiation requires p21 (Bruga-
rolas et al., 1995; Deng et al., 1995). The cell cycle check-
point response to UV irradiation described here thus
differs from the classical p21-dependent checkpoint
elicited by ionizing radiation.
Figure 8. Schematic Model of Checkpoint Arrest and DNA Repairp21 has been shown to inhibit PCNA activity (Shivji
Triggered by Low UV Doseet al., 1994; Waga et al., 1994) and DNA repair after UV
irradiation requires PCNA (Nichols and Sancar, 1992;
Shivji et al., 1992). We find that failure to degrade p21
taken together with the data that UV response is domi-inhibits the nuclear accumulation of Triton nonextract-
nant over other forms of DNA damage support the ideaable PCNA after UV irradiation and compromises DNA
that the pathway leading to UV-induced p21 ubiquitina-repair synthesis. Our results show that the increase in
tion and degradation is an integral part of the cellularnonextractable nuclear PCNA with time after UV irradia-
response to UV-induced DNA damage.tion is governed by the availability of p21. PCNA partici-
pates in repair synthesis in concert with DNA polymer-
Experimental Proceduresases  and  to fill the gap (Aboussekhra et al., 1995;
Nichols and Sancar, 1992; Shivji et al., 1992). In vitro Cell Culture, Expression Vectors, and Transfections
studies have shown that p21 can inhibit the loading of U2OS, Saos-2, HeLa S3, NIH3T3, IMR90, WI38, and 293 cells were
PCNA onto DNA (Podust et al., 1995). p21 degradation obtained from ATCC. REF-52 cells were a gift of G. R. Stark (Cleve-
land Clinic, Ohio). p21wt and p21K6R mutant were expressed asafter UV irradiation may be needed to permit PCNA to
epitope N-terminal HA epitope-tagged proteins. The His-ubiquitinparticipate in gap filling which would otherwise lead to
(Rousseau et al., 1999), K48R ubiquitin (UbiK48R-HM) and the con-a dangerous situation of incised DNA without gap filling.
trol ubiquitin (Ubi-HM) vectors (gift of Ron Kopito, Stanford Univer-Furthermore, our conclusion that the presence but not
sity) were used. Transfections were performed as described (Rous-
the absence of p21 protein interferes with repair is con- seau et al., 1999).
sistent with the reports showing that p21 deficient cells
are as proficient in DNA repair after UV irradiation as Irradiation and Cell Extracts
wild-type cells (Adimoolam et al., 2001; Smith et al., Cells were irradiated with UV-C at 50%–70% confluency in the pres-
ence of 5 ml medium/100 mm petri dish without the lid. After UV2000). The method we have used to assay for DNA repair
irradiation, the medium was changed. Cells were lysed directly inhas the advantage of measuring actual DNA repair oc-
Laemmli buffer without bromophenol blue and equal amount ofcurring in situ in genomic DNA. The study presented
protein was loaded on gels. Cells were  irradiated in the presencehere provides at least one mechanism by which the
of medium. Half-life measurements were performed with cyclohexi-
destabilization of p21 protein after UV irradiation plays mide. Metabolic labeling with 35S-methione gave similar results.
a critical role in the cellular response to DNA damage.
The checkpoint response to DNA damage is regulated Reagents
by activation of ATM or ATR kinases, which phosphory- All reagents were from Sigma unless otherwise stated.
late signal transduction kinases Chk1 and Chk2. One
Antibodiesimportant target of this checkpoint response is Cdc25A
Antibodies recognizing p21 (C19 and N20 from Santa Cruz Biotech-whose inactivation results in a failure to maintain active
nology; clones 70 and SX118, BD Biosciences), HA (clone 16B12,cdk-cyclin complexes and leads to cell cycle arrest (Mai-
BabCo), p53 (clone PAb1801, Oncogene), Phospho-cdk (Tyr15) (Cellland et al., 2000). Treatment of cells with caffeine over- Signaling), and ATR (Serotec) were used. Anti-Skp2 (C-20 and
rides the UV-induced checkpoint response (Mailand et H-435), anti-ubiquitin (P4D1), and anti-PCNA (PC10) were all from
al., 2000). We show that treatment of cells with caffeine Santa Cruz Biotechnology. Cdk2 and cyclin E antibodies were as
prior to UV irradiation prevents p21 ubiquitination and described (Fotedar et al., 1996).
p21 protein degradation. Further, p21 degradation after
ImmunoprecipitationsUV irradiation is abolished in the absence of ATR. Strik-
In Figure 4A, cells were lysed in RIPA buffer (50 mM Tris-HCl [pHingly, addition of caffeine post-UV irradiation has no
8.0], 250 mM NaCl, 0.1% SDS, 1% NP-40, 1% sodium deoxycholate,effect on UV induced p21 degradation (data not shown).
5 mM EDTA, and 1 mM DTT) supplemented with protease inhibitors.
These observations show that ATR activation is up- The lysates were sonicated briefly and cleared by centrifugation.
stream of p21 ubiquitination and degradation (Figure 8). Extracts (300 g) were precleared with 20 l of protein A-Sepharose
Moreover, caffeine inhibits the accumulation of Triton (Pharmacia) for 2 hr at 4C, incubated for 2 hr with anti-ubiquitin
antibody and then with 20 l of protein A-Sepharose. After 1 hr, thenonextractable PCNA and DNA repair. These results
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beads were washed with RIPA buffer and proteins recovered by and ARC (4275) and to A.F. from the National Institutes of Health
(CA92321 and CA74435).boiling in Laemmli buffer.
For Figure 4B (left image), U20S cells were lysed in buffer con-
taining 50 mM Tris-HCl [pH 7.5], 250 mM NaCl, 0.5% NP-40, 1 mM Received: March 3, 2003
EDTA, 50 mM NaF, 1 mM DTT plus proteases inhibitors, and Na3VO4. Revised: July 28, 2003
300 g precleared cell extract was immunoprecipitated with p21 Accepted: August 1, 2003
antibody (C-19). Published: September 4, 2003
For Figure 4B (right image), U2OS cells were UV irradiated in the
absence (for Skp2, to minimize p21 in the extracts) or presence of
ReferencesLLnL (for p21) or left untreated (for both Skp2 and p21). Three hr
post-UV irradiation, cells were lysed in 50 mM Tris-HCl [pH 8.0], 250
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